Rotation of molecules embedded in He nanodroplets is explored by a combination of fs laserinduced alignment experiments and angulon quasiparticle theory. We demonstrate that at low fluence of the fs alignment pulse, the molecule and its solvation shell can be set into coherent collective rotation lasting long enough to form revivals. With increasing fluence, however, the revivals disappear -instead, rotational dynamics as rapid as for an isolated molecule is observed during the first few picoseconds. Classical calculations trace this phenomenon to transient decoupling of the molecule from its He shell. Our results open novel opportunities for studying non-equilibrium solute-solvent dynamics and quantum thermalization.
Usually, molecules dissolved in a liquid are not rotating freely due to the intermolecular forces exerted by the surrounding solvent. An important exception is molecules embedded in liquid helium nanodroplets where high-resolution infrared [1] and microwave [2] spectroscopies display discrete rotational structure. These observations along with theoretical modelling has established a picture that molecules inside He nanodroplets can rotate frictionless although followed by a local solvation shell of He atoms. This shell increases the effective molecular moment of inertia compared to the gas-phase value [3, 4] .
These unique properties build the expectation that it should be possible to induce frictionless rotation of molecules inside Helium droplets and follow it in real time. For isolated molecules versatile techniques based on moderately intense fs or ps laser pulses have been developed to control the rotational degrees of freedom [5] [6] [7] . In particular, such methods have been extensively used to confine molecular axes to laboratory-fixed axes -methods referred to as alignment and orientation [5] . Recently, the first time-resolved experiments of molecular rotation inside He droplets revealed that moderately intense laser pulses can induce alignment of molecules [8, 9] . The measurements showed, however, no sign of frictionless rotation. Notably, the transient alignment-recurrences (revivals) characteristic of freely rotating molecules in gas phase were absent. These observations seemed at odds with the prevailing conception of rotational structure obtained through spectroscopy [3, 4] .
Here we experimentally demonstrate that a sufficiently weak fs pulse can initiate coherent rotation of iodine molecules together with their He solvation shell -lasting long enough to form revivals. Our observations are rationalized by a quantum theory based on the angulon quasiparticle [10] [11] [12] [13] [14] [15] . For strong alignment pulses the revivals disappear and, instead, strikingly fast rotational dynamics appears immediately after the pulse. Classical estimates indicate that, in this regime, He atoms of the solvation shell detach from the molecule due to the centrifugal force generated by the rapid rotation. This can be seen as a sudden decoupling of the molecule from its solvent and for a short time the rotational motion resembles that of a free molecule.
In our experiment, 10-nm-diameter helium dropletseach doped with at most one iodine (I 2 ) molecule -are first irradiated by a 450 fs linearly polarized laser pulse at 800 nm. The purpose of this kick pulse is to induce alignment of the molecules, i.e. confine their I-I internuclear axis along the polarization direction [5] . Next, the molecules are Coulomb exploded by a delayed, intense probe pulse (40 fs, 3.7 × 10 14 W/cm 2 ) which produces IHe + ion fragments with recoil directions given by the angular distribution of the molecular axes at the instant of the probe pulse. By detecting the emission directions of the IHe + ions with a 2D imaging detector at many different kick-probe delays, t, the time-dependent degree of alignment, cos 2 θ 2D , can be determined -θ 2D being the angle between the alignment pulse polarization and the projection of an IHe + ion velocity vector on the detector [16] . More details on the experimental setup are provided in the Supplemental Material [17] . Figure 1 shows cos 2 θ 2D as a function of time for a series of different fluences of the kick pulse, F kick . At low F kick there is a distinct maximum in cos 2 θ 2D shortly after the kick pulse [ Fig. 1(a)-(d) ]. The prompt peak grows in amplitude and appears earlier as F kick is increased [ Fig. 1(a2)-(d2) ]. This behavior is the result of faster rotation and more efficient alignment induced by a stronger kick pulse and appears similar to previous measurements on CH 3 I molecules in He droplets [8] . The current data exhibit, however, new, previously unobserved features. First, at F kick = 1.2 J/cm 2 the prompt alignment peak is followed by pronounced yet decreasing The degree of alignment, cos 2 θ2D , as a function of time at different fluences of the kick pulse (centered at t = 0); blue curves: experimental results, red curves: results from the angulon theory. In panel (f1) the time-interval 750 −1500 ps and in panels (g1) and (h1) the time-interval 200 −1500 ps are shown as straight lines because, for experimental reasons, cos 2 θ2D was not recorded in these regions. The right column of panels expands on the first 100 ps to highlight the structure that starts to appear at F kick = 3.7 J/cm 2 immediately after the kick pulse and grows to a sharp peak with maximum at t = 1.3 ps for F kick = 8.7 J/cm 2 . Panels (j) show the survival probability of the initial state, as defined in the text.
oscillations out to ∼ 200 ps. Second, for F kick = 0.25, 0.50 and 1.2 J/cm 2 an oscillatory structure is observed in the interval 550 −750 ps. The structure is very similar for the three fluences with local maxima and minima at essentially the same times. Third, on average the cos 2 θ 2D curves are gradually decaying in the range ∼ 100 −1500 ps for F kick = 0.50, 1.2 and 2.5 J/cm 2 . For F kick ≥ 2.5 J/cm 2 the structure in the 550 −750 ps interval disappears. Also, the oscillations after the main peak are strongly reduced for F kick = 2.5 J/cm 2 and essentially absent at larger fluences. Instead a substructure in the prompt alignment peak starts to appear at F kick = 3.7 J/cm 2 [ Fig. 1(e2) substructure grows to a prominent sharp peak ending with a maximum already at t ∼ We interpret the oscillations after the prompt peak and the 550 −750 ps structure as manifestations of coherent rotation of the molecules and their local He solvation shell -hereafter termed He-dressed molecules. To substantiate this interpretation we first model He-dressed molecules as classical rigid rotors driven by the polarizability interaction with the kick pulse. A He-dressed molecule initially at an angle θ 0 to the kick pulse polar-ization [ Fig. 2(a3) ] gains an angular velocity, ω, of [18] :
where ∆α is the polarizability anisotropy of I 2 and I eff is the effective moment of inertia of I 2 in the droplets. No experimental value exists for I eff so we determined it by a path integral Monte Carlo calculation [19] , which gave I eff = 1.7×I 0 where I 0 is the moment of inertia of the bare I 2 molecule. The calculated He density around the I 2 molecule is shown in Fig. 3 . In our classical calculations a He-dressed molecule is treated as an I 2 molecule rigidly attached to eight He atoms placed in the minima of the I 2 -He potential [1, 20] (six He atoms in the central ring around the molecule and two at the ends), see Fig. 2 . The value of I eff determined from this structure ( Fig. 2 ) is essentially equal to the Monte Carlo one.
Equation (1) predicts that the He-dressed molecules are set into end-over-end rotation (Fig. 2 ) leading to a prompt alignment peak as observed experimentally. Continued rotation for extended times requires that superfluidity of the droplets is undistorted. A simple classical criterion for this is that the linear speed of the outer components of the He-dressed molecules should not exceed the Landau velocity, v L = 56 m/s [21] . The highest linear speed is calculated as v He = ωr He , where r He is the distance from a He atom at the ends to the axis of rotation (see Fig. 2 ). Table I To elucidate the quantum dynamics of the system, we apply the recently-developed angulon theory [10-15, 22, 41] . The angulon represents a quasiparticle consisting of a molecular rotor dressed by a many-body field of superfluid excitations, and can be thought of as a quantum formulation of the He-dressed molecule. Recently it was shown that molecules in superfluid helium form angulons [22] . The case of I 2 in helium belongs to the strong-coupling regime, where the molecular kinetic energy is small compared to the molecule-helium interactions [12, 22] . In this regime, the angulon theory furnishes a closed-form expression for the alignment Figure 3 . He density, ρ, around I2 in the molecular frame in equilibrium. It is obtained from a path integral Monte Carlo calculation [17] and corresponds to the situation prior to the kick pulse.
cosine:
(in units of ≡ 1). Here E j = B eff j(j + 1) are the molecular rotational energies, with B eff the effective rotational constant of I 2 . α 1 parametrizes the anizotropic molecule-helium interactions, with the strongcoupling regime defined by B eff √ α 1 . The coefficients, c j = j, m 0 | exp(η cos 2θ ) |j 0 , m 0 , describe the rotational wavepacket created from the initial molecular state |j 0 , m 0 by a short laser pulse with a dimensionless intensity η. In order to compare the theory to experiment, the results of Eq. (2) were averaged over the thermal distribution of the initial states and the finite width of rotational lines due to dephasing was accounted for. More details on the theoretical approach are provided in the Supplemental Material [17] .
The strong-coupling angulon theory is straightforward to apply if the molecule-laser interaction energy η √ α 1 . This is the case in Fig. 1 (a) and (b), where η/ √ α 1 ≈ 1.4 and 2.7, respectively. Both calculated cos 2 θ 2D curves (red) are dominated by a prominent peak at early times. For F kick = 0.25 and 0.50 J/cm 2 the prompt alignment peak agrees with the experimental curves although the peak amplitude is somewhat higher for the calculated curves. We ascribe this to an underestimation of the
10 Hz vHe, m/s Erot(He), cm measured degree of alignment due to non-axial recoil effects in the Coulomb explosion process, caused by the He environment [23] . The fluence of F kick = 1.2 J/cm 2 corresponds to η/ √ α 1 ≈ 7 and therefore lies beyond the reach of the strong-coupling angulon theory which predicts a faster initial dynamics compared to the experiment. Nevertheless, the long-time decay of alignment observed experimentally is reproduced. For higher fluences, F kick = 2.5 J/cm 2 and F kick = 3.7 J/cm 2 , the molecule-laser interactions dominate over molecule-helium interactions, since η/ √ α 1 ≈ 14 and 21, respectively.
For F kick = 0.25 and 0.50 J/cm 2 low-amplitude structures just before 400 and 800 ps are visible. The angulon model identifies these as the half-and full-revival of the He-dressed molecule, marked by red arrows for the theoretical curves. The locations of the revival structures match h/(4B eff ) and h/(2B eff ), with B eff = 2 /(2I eff ), similar to the well-studied case of isolated molecules. The magnitude of the revivals decreases for larger fluences, and they are no longer visible for F kick ≥ 2.5 J/cm 2 .
Importantly, the angulon theory predicts that rotational revivals are possible for molecules strongly interacting with superfluid helium. Therefore, we interpret the observed oscillatory structure in the 550 −750 ps interval as a full rotational revival of the He-dressed molecule. Furthermore, we note that the model captures the overall decay of cos 2 θ 2D observed most clearly for F kick = 0.50 and 1.2 J/cm 2 . We quantify this decay by the survival probability (closely related to the Loschmidt echo [24] ), S(t) = | ψ(t)| ψ 0 | 2 ≡ | ψ 0 | e iHt |ψ 0 | 2 , of the state |ψ 0 immediately after the kick pulse excitation during time evolution under the angulon Hamiltonian H [17] . The time-dependence of the survival probability is shown in Fig. 1j . While the gas-phase survival probability (dashed line) exhibits revivals similar to the gas-phase molecular alignment, for I 2 in helium we predict a Gaussian decay S(t) ∼ exp(−α 1 t 2 ) [17] . The latter comes from redistribution of the angular momentum between the molecule and the superfluid. Note that this decay occurs on a faster timescale compared to the ex- Figure 4 . The degree alignment, cos 2 θ2D , at early times for isolated I 2 molecules and I 2 molecules in He droplets recorded for F kick = 8.7 J/cm 2 . The laser parameters of both the kick pulse and the probe pulse were identical for the measurements on the isolated molecules and on the molecules in He droplets.
ponential decay common for Markovian reservoirs [25] .
In the high-fluence regime, η/ √ α 1 1, the strongcoupling angulon theory is not applicable. However, classically, a high-fluence pulse can induce such a fast rotation of the He-dressed molecule that helium atoms detach due to the centrifugal force -a mechanism which, we believe, is responsible for the sharp structure appearing in the prompt alignment peak. A simple criterion for detaching one He atom is: E rot (He) > E binding (He), where E rot (He) = [20, 26] . Table I displays E rot (He) calculated for the different fluences. At F kick 6 J/cm 2 the criterion is met implying that one or indeed several He atoms detach from the molecule (lower panels in Fig. 2 ) since the binding energies of the first few He atoms are similar [27] . Figure 4 compares the short-time alignment dynamics of molecules in He droplets to that of isolated molecules at F kick = 8.7 J/cm 2 . In droplets, cos 2 θ 2D evolves almost as fast as cos 2 θ 2D of isolated molecules during the first ∼2 ps. In classical terms, this indicates that I 2 rotates almost freely, detached from the He atoms. We observed the same rapid short-time alignment dynamics for OCS and CS 2 molecules in He droplets. At t > 2 ps the free rotation is quenched, which indicates a dynamical re-formation of the He-dressed molecule.
Our results demonstrate that for molecules embedded in He droplets a moderately intense laser pulse can induce coherent collective rotation of a molecule and its solvation shell for times long enough to form rotational revivals. These findings reconcile femtosecond laserinduced molecular alignment and high-resolution infrared and microwave spectroscopy. Our angulon quasiparticle theory rationalizes the observations for the low-fluence experimental results. Future generalization of the theory may lead to a quantitative agreement with experiments in a broad range of laser fluences and is expected to provide new insights into the superfluid behavior of He droplets. Finally, the observed decoupling of the molecule from its He-solvation shell at high fluences draws parallels to the nonlinear response in the solutesolvent interaction of rapidly rotating CN molecules dissolved in ethanol [28, 29] . Our results open unique opportunities for real-time studies of non-equilibrium solutesolvent dynamics, for instance, by gradually modifying the solvation shell through insertion of other noble gas atoms or even water molecules [4] . Furthermore, experiments on molecules in small helium droplets might yield insight into quantum thermalization of finite manyparticle systems [30, 31] . We thank Richard Schmidt for insightful discussions. JK acknowledges support from People Programme A schematic diagram of the experimental setup used for laser-induced alignment experiments of iodine molecules, both solvated inside helium droplets and isolated in a supersonic beam, is shown in Fig. S1 . Helium droplets are produced using a continuous helium droplet source with stagnation conditions of 14 K and 25 bar, giving ∼10 nm diameter helium droplets [3] . Figure S1 .
Schematic of the experimental setup. Schematic diagram showing the experimental setup used for the non-adiabatic alignment of iodine molecules both solvated inside helium droplets and isolated in a supersonic beam. Depicted from left to right are the continuous helium droplet source, the pickup cell and the 2D imaging spectrometer. Below the spectrometer sits the Even-Lavie pulsed valve used for the isolated molecule studies. The polarization state of the kick pulse (horizontal) and the delayed probe pulse (vertical) are indicated by the direction of the pulse forms sketched.
skimmer with a 1 mm diameter opening and enters a pickup cell containing iodine vapor. The partial pressure of the iodine vapor was kept sufficiently low to ensure the pickup of at most a single iodine molecule. Hereafter the doped droplets pass through a liquid nitrogen trap that captures the majority of the effusive iodine molecules that are not picked up by the droplets. In order to further reduce the contribution from effusive molecules the doped droplets pass through a second skimmer with a 2 mm diameter opening followed by a second liquid nitrogen trap. Finally, the doped droplets enter the interaction region of the target chamber. In this region, the doped helium droplet beam is crossed perpendicularly by two collinear 800 nm pulsed laser beams. The doped droplets are first irradiated with a linearly polarized kick pulse that is used to induce alignment. For the measurements up to F kick = 5.0 J/cm 2 the duration of the kick pulse is 450 fs. At this duration the fluence cannot be increased further because the intensity becomes so high that the iodine molecules starts to be ionized by the kick pulse alone. The measurements with F kick = 6.4, 7.4 and 8.7 J/cm 2 are, therefore, recorded with a kick pulse duration of 1300 fs. This is still much shorter than the rotational time of the iodine molecule (446 ps in gas phase) and thus keeps the experiment in the strictly non-adiabatic limit of alignment [5, 32] . For consistency, we recorded the alignment experiment at F kick = 5.0 J/cm 2 with the 1300 fs kick pulse and got results essentially identical to those recorded with the 450 fs kick pulse (Fig. 1f in  the main text) .
After the kick pulse the molecules are Coulomb exploded by a delayed, intense probe pulse (40 fs, 3.7 × 10 14 W/cm 2 ), which produces I + or IHe + ion fragments. The recoil directions of either ion species are given by the angular distribution of the molecular axes at the instant of the probe pulse. For the measurements reported here the IHe + signal was chosen as the observable because these ions can only be produced from molecules inside He droplet [8, 33] . In the case of I + ions there is a contribution from those iodine molecules that manage to effuse from the pick-up cell to the interaction region in the target chamber. This contribution is, however, at most a few percent and recording of I + images could, therefore, also have been carried out and should give the same rotational dynamics as that obtained from the IHe + images.
By detecting the emission directions of the IHe + ions with a 2D imaging detector at many different kick-probe delays, t, the time-dependent degree of alignment, cos 2 θ 2D , can be determined, where θ 2D is the angle between the kick pulse polarization and the projection of an IHe + ion velocity vector on the detector. The experimental setup is equipped with a pulsed Even-Lavie valve located beneath the target chamber and allows for a molecular beam of isolated iodine molecules to be sent into the interaction region. The alignment dynamics for isolated molecules was recorded under the same laser conditions as those used for the helium droplet experiments. Here I + ions were used as observables.
Path integral Monte Carlo
Quantum many-body systems of N particles in equilibrium can be mapped to a classical system of polymer chains [34, 35] . The path integral Monte Carlo (PIMC) method exploits this isomorphism. For Bose systems like 4 He droplets, finite-temperature results obtained by PIMC can be considered virtually exact, given sufficient simulation time.
The PIMC method calculates equilibrium properties in the canonical [36] or grand canonical [37] ensemble. In the present work we use the canonical ensemble, thus expectation values of an operatorÂ are obtained as Â = 
L is the angular momentum operator, Ω are the two Euler angles of a linear molecule, r 0 is the center of mass coordinate of the molecule and r i are the coordinates of the 4 He atoms. The interactions are modeled as pair-wise interactions between 4 He atoms, v, and between 4 He atoms and the molecule, u. We use the potential by Aziz et al. [38] for v and the ab initio potential by Garcia-Gutierrez et al. [20] for u. The latter depends not only on the distance |r 0 − r i | between 4 He atom and molecule, but also on the angle θ i between the distance vector r 0 − r i and the axis of the molecule defined by Ω. It is the dependence on θ i which leads to the coupling of the rotational dynamics of the molecule to the helium droplet. We neglect the vibrational degree of freedom of the molecule, which for a diatomic molecule like I 2 is the distance between the two iodine atoms. The vibrational excitation energies are orders of magnitude larger than typical rotational energies and excitation energies in helium. Therefore, the coupling S3 between vibrations and helium are negligible in the study of rotational dynamics. We assume I 2 to be a rigid rotor, with the two iodine atoms separated by their equilibrium distance of 2.666Å.
For PIMC simulations, it is convenient to work in coordinate space. Thus, for calculating expectation values Â the many-body density matrix in configuration space, ρ(R, R ; β) = R|e −βĤ |R , is sampled using the Metropolis algorithm [39] . Here R denotes all coordinates of the many-body system, R = (Ω, r 0 , r 1 , . . . , r N ). A numerical evaluation of ρ(R, R ; β) is complicated by the fact that in general the exponential of the many-body Hamiltonian H cannot be calculated. Therefore, we split the "imaginary time" interval β into small "time steps" τ = β/M . This necessitates the introduction of new coordinates at intermediate time slices,
(R 0 , . . . , R M ) can be regarded as a discretized path in imaginary time. This way each particle coordinate r i is replaced by a whole path of coordinates ("beads") r i,j where the new index j = 0, . . . , M labels the discretized imaginary time.
For completing the isomorphism between a quantum system and classical polymers of beads, we choose τ sufficiently small, such that ρ(R 0 , R 1 ; τ ) can be approximated. We use the pair density approximation [36] for the He-He interaction, and the Trotter approximation for the He-molecule interaction, e −τ (T +V ) = e −τV /2 e −τT e −τV /2 + O(τ 3 ), whereT andV are the (non-commuting) kinetic and interaction terms of the HamiltonianĤ =T +V , respectively. The Trotter approximation requires to use a relatively small time step τ = 1/80 K, which determines the number of beads as M = β τ for a given inverse temperature β. If no off-diagonal operators such as the one-body density matrix need to be averaged, we can set R M = R 0 . Thus all polymers are closed loops, one for each quantum particle.
We need to account for the indistinguishability of quantum particles. Bose statistics is implemented by symmetrization of the density matrix
where the sum is over all permutations P . As can be seen from the right hand side of Eq. (S2), the symmetrization corresponds to reconnecting the imaginary time paths to form larger polymers. For a detailed review of the PIMC method for bosons see Ref. [36] , for the application to dopants in 4 He clusters see Refs. [19, 40] . In addition to static quantities, PIMC allows in principle also to calculate dynamical properties. It is straightforward to calculate correlation functions Â (t)Â(0) , that are related to measurable spectra via the fluctuation-dissipation theorem. However, PIMC provides these correlation functions only in imaginary time. The analytic continuation of imaginary time data with statistical noise due to finite sampling time to real time is an ill-posed problem. In the present case, we are interested in the rotational spectrum of a linear molecule, which can be obtained from to correlation function F (t) obtained with PIMC for I 2 in helium with B acting as fit parameter. This fit yields an effective B = B eff , under the assumption that the rotational spectrum of I 2 in helium is essentially that of a linear rotor with a renormalized rotational constant. For heavy rotors this assumption has been validated by experiments. Although the effective distortion constant D eff usually increases by orders of magnitude in helium compared to the gas phase value, D eff is still small and, therefore, we cannot determine it from an improved fit to a free linear rotor with distortion constant D as second parameter. PIMC simulations of droplets of 10 3 or 10 4 4 He atoms, as produced in the experiments, would be very demanding. Instead we performed two kinds of simulations of I 2 in helium, that bracket the experimental situation from both sides: I 2 in 4 He clusters of N = 150 atoms, much smaller than in experiment; and I 2 in bulk 4 He. Bulk simulations are realized with periodic boundary conditions. 511
4 He atoms and one I 2 are put in a simulation box of side length
